A set of 300 bacterial strains isolated from various extreme environments were screened for the presence of cellulase activity on CMC agar plates. Phylogenetic analysis of the positive strain, based on 16S rRNA gene sequences indicated that the isolates were clustered within Firmicutes and Actinobacteria. A majority (17) of the isolates were identified as Bacillus, Paenibacillus, and Lysinibacillus sp., and the remaining three were identified as Arthobacter, Rhodococcus, and Bhargavaea cecembensis. Among the 20 positive isolates, 6 were evaluated for the production of cellulases on five different cellulosic substrates. Two isolates, B. cecembensis and Bacillus sp., based on maximum enzyme production on all cellulosic substrates, especially CMC and rice straw, were evaluated in terms of enzyme properties and kinetics. The enzymes of these two isolates are found to be active over broad range of pH and temperature. Such thermostable enzymes facilitate the development of efficient and cost-effective forms of the simultaneous saccharification and fermentation process converting lignocellulosic biomass into biofuels and value-added products.
In recent years, interest in the production of cellulases has increased due to emphasis on the production of second-generation biofuel from lignocellulosic biomass. Besides their use in biofuel production, cellulases are used in the textile industry for cotton softening and denim finishing and in detergent markets for color care, cleaning and anti-redeposition in washing powders. 1) Cellulases are also used in the pulp and paper industry with hemicellulases to improve the drainage and runnability of the paper machines and to enhance the de-inking of recycled fibers.
2) All these processes require cellulases of different types of varying heat and pH stability and this has generated interest in exploring extreme environments to isolate hypercellulolytic microorganisms with diverse cellulase systems. Niches with high organic matter content such as compost, forest and marshes are the best niches for the isolation of cellulase producers, but extreme environments can also be exploited for cellulases with specific properties. Microorgansims from different extreme environments have been explored for production of cellulases, [3] [4] [5] [6] [7] but there is a paucity of information regarding the cellulase producing abilities of these microbial resources.
Bacteria, having high growth rates as compared to fungi, have better potential for commercial cellulase production. Although the application of bacteria in producing cellulase is less investigated, cellulases produced by bacteria are often more effective catalysts due to less feedback inhibition. The main point is the ease with which bacteria can be genetically engineered to produce copious amounts of enzymes. 8) In this context, particular attention must be given to the isolation and characterization of cellulase producing bacteria from extreme environments such as high and low pH, salt, and temperature regions, which can be a treasure chest of novel microbes and enzymes for a variety of applications.
Materials and Methods
Isolation and qualitative screening of cellulase producing bacteria isolated from extreme environments. All the chemicals and media used were from either from Becton, Dickinson and Company (BD) USA or from Himedia Laboratories, India. Samples were collected from 10 ecological habitats spreaded across India, Manikaran (hot spring), Sambhar Lake (saline water and soil), Rann of Kutch (acidic soil), Leh and Ladakh (cold desert), Balrampur (hot spring), Jaiselmer (hot desert), Kollam (acidic soil), Andman and Nicobar islands (acidic soil), Sunderbans (mangrove), and Bitharkanika (mangrove). A total of 300 isolates were isolated with nutrient agar (NA), NA with methyl red, NA with crystal violet, T 3 media, King's B, tryptic soya agar, Jensen's nitrogen free media, soil extract agar media, and halophilic medium. 9) All the isolates were screened for cellulase activity on Reese's minimal media (RMM) containing 1% caboxymethylcellulose (CMC). RMM contains C for 48 h. To visualize the hydrolysis zone, the plates were flooded with an aqueous solution of 0.1% Congo red for 15 min and washed with 1 M NaCl. 10) Hydrolyzing capacity index (HCI) for all the isolates was calculated by dividing the diameter of the clear zone around a colony with the bacterial colony diameter.
11)
Hydrolytic enzyme production on different cellulosic substrates. The positive isolates were cultured at 30 C at 120 rpm in RMM supplemented with CMC (1%), -cellulose (1%), avicel PH101 (1%), Sigmacell 101 (1%) and rice straw (1%) as sole carbon source at pH 7:0 AE 0:2 for enzyme production. Nutrient broth cultures after a 72 h of incubation period were subjected to centrifugation at 10;000 Â g for 15 min at 4 C. The supernatant was collected and stored as crude enzyme preparation at 4 C for further enzyme assays.
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Enzyme assays. Carboxymethyl cellulase (CMCase) and filter paperase (FPase) activity was determined using CMC and Whatman no. 1 filter paper respectively as substrate 12) and measuring the amount of reducing sugars by the 3,5-dinitrosalicylic acid (DNS) method (Miller, 1959) 13) and -glucosidase activity was assayed by measuring the amount of p-nitrophenol released from p-nitrophenyl--D-glucopyranoside. 14) One unit (IU) of enzyme activity was defined as the amount of enzyme releasing 1 mmole of reducing sugar per min. Based on quantification of hydrolytic enzymes, six isolates were selected for further work.
Growth attributes of the isolates. The amount of cellular proteins was taken as an index of bacterial growth. 15) Five mL samples were withdrawn from the cultures at regular intervals and centrifuged for 30 min at 12;000 Â g. The separated cells were suspended in 1 mL of NaOH (1 N) and incubated at 100 C for 10 min for cell lysis. The pellet was separated by centrifugation at 10;000 Â g for 10 min and the proteins in the supernatant were estimated by Lowry's method using bovine serum albumin as protein standard. 16) Molecular identification of bacterial isolates. For molecular characterization of the cellulase-producing bacteria, 16S rRNA gene sequencing was performed. Isolation of genomic DNA was carried out following Sambrook and Russell.
17) The extracted DNA was used as the template for PCR amplification of the 16S rRNA gene using universal 16S rRNA gene primers pA (5AGAGTTTGATCCTGGCT-CAG 3) and pH (5AAGGAGGTGATCCAGCCGCA 3) to obtain a product of approximately 1500 bp.
18) The reaction mixture (25 mL) composed of each primer at a concentration of 0.5 mL, each deoxynucleoside triphosphate at a concentration of 200 mM, 2.5 U of Taq DNA polymerase, 1.5 mM MgCl 2 , 20 ng of the template DNA and 2.5 mL 10 Â PCR buffer. The following thermal profile was used for PCR: 94 C, 2 min; 35 cycles of 94 C, 1 min; 55 C, 1 min; 72 C, 2 min; 1 cycle of 72 C, 10 min. The PCR product was purified with a Qiaquick PCR purification kit (Qiagen, Valencia, CA) and sequenced by Xcelris Labs (Ahmedabad, India) by Sanger's di-deoxy nucleotide sequencing method. A similarity search for the sequence was carried out using the BLAST program of the Swiss National Center of Biotechnology Information (NCBI). A Phylogenetic tree was constructed by the neighbor-joining method using the CLUSTAL software in MEGA 5. 19) In order to estimate the confidence of the tree topologies, bootstrap resampling analysis for 1,000 replicates was performed.
20)
Nucleotide sequence accession numbers. The 16S rRNA gene sequences retrieved from the cellulose-producing cultures were assigned accession numbers and deposited in NCBI GenBank. Phylogenetic analysis revealed the similarity percentages of the isolates ( Fig. 3 and Table 1 ).
Characterization of the crude CMCases of the isolates and thermal stability of the enzymes. The pH optima for crude CMCases secreted by the isolates was estimated to be in a pH range of 3.0-11.0 using different assay buffers. Enzyme assays were conducted in 0.5-mL reaction volumes containing 375 mL of an appropriate dilution of enzyme and 125 mL of 1% (w/v) CMC solubilized in 200 mM sodium citrate (pH 3.0-5.5), sodium phosphate (pH 6.0-7.5), Tris-HCl (pH 8.0-9.0), or glycine-NaOH (pH 9.5-10) buffer. The enzyme activity obtained at the pH optimum was used as reference to calculate the relative enzyme activity (%) at other pHs. The optimum pH was used to determine the optimum temperature for the crude CMCases. The optimum temperature for the activity of the crude enzyme was determined by conducting enzyme assays in 10 mM citrate phosphate buffer (pH 6.5) at various temperatures ranging from 20 to 80 C at 10 C increments. The reducing sugars released from CMC during the reactions were measured by the DNS method. The heat stability of the enzyme was studied by incubating the crude enzyme in 10 mM citrate phosphate buffer (pH 6.5) for 1 h at various temperatures ranging from 40 to 80 C at 10 C increments. Residual activities were then measured by the DNS method.
Kinetic characterization of CMCases. To determine the kinetics of the CMC hydrolysis of two promising bacterial strains, IARI-AN-27 and IARI-MN-75 were grown at 30 C in 100 mL of medium containing CMC (0.5 g/L) and the CMCase assays were carried out on 4-d-old cultures. The kinetics of the CMCase enzyme were characterized in terms of Michaelis-Menten kinetic constants (K m and V max ) using Lineweaver-Burk plots 21) by assaying the enzymes at CMC concentrations ranging from 0.25 to 1 mg/mL.
Activity of the enzyme on various cellulosic substrates. The substrate specificity of the crude enzyme was determined by performing the assay with different substrates: avicel, CMC, and rice straw. The CMCase activity of the enzyme was determined by the DNS method in 50 mM citrate-phosphate buffer (pH 6.5) containing 1% (w/v) of each substrate. The reactions were conducted at 50 C over 24 h.
Results and Discussion
Isolation and screening of bacteria from extreme environments A total of 300 bacterial morphotypes isolated from extreme environments were screened for CMCase activity. Of the 300 isolates, only 20 showed a clear halo zone around the colony on CMC agar. The HCI of each positive isolate was calculated, and it was observed that the hydrolyzing capacity index of IARI-AN-27 was the highest, followed by IARI-M-27, IARI-AN-11, IARI-BC-1, IARI-M-10, and IARI-M-I5 (Fig. 1) . Congo Error bars indicate standard deviation above and below the mean (n ¼ 3).
red plate assay is used widely to assess the cellulase activity of microbes, 22, 23) but qualitative tests based on clear zone width does not provide information regarding the level of cellulase activity as chromogenic changes in qualitative plate assays sometimes appear even without complete hydrolysis of the substrates used. 24) In our study however, the width of the clear zone was found to exhibit a correlation with the amount of enzyme produced by the bacteria by quantitative assay of the top six cellulase producers.
Effects of cellulosic sources on the production of cellulases All the positive isolates (n ¼ 20) were selected for quantitative estimation of cellulases. The activity of the top six cellulase producers are shown in Fig. 2 . IARI-AN-27 was found to be the best cellulase producer with highest CMCase activity (0.98 IU/mL), FPase (0.45 IU/mL) and -glucosidase activity (0.080 IU/ mL), followed by IARI-M-75 with CMCase, FPase, and -glucosidase activity of 0.76 IU/mL, 0.36 IU/mL, and 0.074 IU/mL respectively. Of the carbon sources tested, CMC was found to be the best carbon source for the production of CMCase, FPase, and -glucosidase by all isolates. However, IARI M-75 and IARI-AN-27 were found to produce appreciable amounts of CMCase, FPase, and -glucosidase on rice straw as well. The results also indicated that all the isolates invariably gave less -glucosidase activity. IARI-M-75 and IARI-AN-27 when grown on CMC gave high activity of CMCase (0.79 and 0.89 IU/mL) on the 4th day, which coincides with the peaks of their growth phases. CMC, an example of amorphous cellulose, and avicel (microcrystalline cellulose), are generally used as substrates in the study of endoglucanases (EC 3.2.1.4) and exoglucanases (EC 3.2.1.91) respectively. In our study, IARI-M-75 and IARI-AN-27, when grown on avicel, showed greater catalytic affinity for CMC, and hence the cellulases secreted by these isolates were categorized as endoglucanases, as they showed lower exoglucanase activity. Our results indicate that CMC is the best carbon source for production of CMCase. This is in accord with Kim et al., 25) who reported that an endoglucanase from Bacillus circulans had highest activity with CMC as substrate. Lower CMCase, FPase, and -glucosidase activity was estimated with Avicel, Sigmacell andcellulose as compared with rice straw, perhaps due to the highly crystalline nature of CMC and rice straw. 26) During the growth phase of these isolates, protein content was very low on Avicel, Sigmacell, andcellulose (data not shown) as compared to CMC and rice straw (Fig. 3) . This indicates that isolates did not utilize CMC and paddy straw efficiently in biomass production. In the current study, rice straw was found to be a good carbon source for the production of cellulase, and hence it can be used as a substrate for the large scale production of cellulase, replacing costly substrates like CMC. There are reports on cellulose degradation by bacteria, 3, 27, 28) but those studies utilized either purified cellulases or optimized medium conditions to assay cellulase activities. Li et al. 29) found that maximum cellulase activity (0.26 U/mL) was present in a Bacillus sp. when the culture was grown in CMC supplemented Luria broth. This is lower than the values reported here. Our data on the FPase, CMCase, and -glucosidase activities of IARI-M-75 and IARI-AN-27 were generated from crude culture supernatants and under unoptimized medium conditions, and hence a detailed comparison with published literature is not possible.
Molecular identification
A partial 16S rRNA gene sequence of all the positive bacterial isolates was obtained, and was submitted to NCBI gene bank. Table 1 respectively. Our phylogenetic analysis based on the 16S rRNA gene sequences revealed that of the, 20 isolates, 12 belonged to the genus Bacillus, and two each belonged to Paenibacillus and Lysinibacillus (Fig. 4) . Bacillus, Paenibacillus, Arthrobacter, and Rhodococcus have been reported by many researchers as to cellulase production. 6, 30, 31) To our knowledge, there is no earlier report describing Lysinibacillus sp. and B. cecembensis (IARI-M-75) as cellulase producers. B. cecembensis (IARI-M-75) might have high G+C %, as it is closely related to the Gram-positive, rod-shaped, non-motile, non-spore-forming bacterium. B. cecembensis strain DSE10, which has high G+C content (59.5%) and was first isolated from a deep-sea sediment sample collected from the Chagos-Laccadive Ridge system in the Indian ocean. 32) Sixty percent of the isolates described here belong to Bacilli and related genera, and this group is known to possess the ability to withstand extreme environments by producing endospores. 33) Many researchers have described the bacterial genetic diversity from various ecological niches, 34) but to our knowledge no earlier report has listed such a diverse group of cellulase producing bacteria from different extreme environments.
Effects of pH and temperature on enzyme activity
The IARI-M-75 and IARI-AN-27 isolates produced maximum CMCase activity at pH 5, and the enzyme activity indicated a steady linear decrease thereafter. Even at alkaline pH of 8 to 8.5, IARI-M-75 retained about 40% of residual CMCase activity (Fig. 5A) . The highest CMCase activities for IARI-M-75 and IARI-AN-27 were at 60 C and 50 C respectively (Fig. 5B) . IARI-M-75 retained about 90% of activity at 70 C. The thermal stability curves indicate that the enzyme of both isolates were stable at 30, 40, and 50 C. The enzyme activity of isolate IARI-AN-27 declined sharply after 50 C, whereas IARI-M-75 retained about 90%, 80% and 20% of activity at 70 C, 80 C and 90 C respectively (Fig. 5C ). Though the optimum pH of the crude cellulase was pH 5.0, as for the other reported bacterial cellulases, 27) the temperature optima of the IARI-M-75 was 60 C, which is high in view of the mesophilic nature of the isolate. This may be an indication of the thermophillic nature of the cellulase.
Thermophilic cellulases are required for many industrial applications, and only a few reports on themophilic cellulases from mesophilic organisms are available. 5, 6, 35) Thermal stability is another additional important characteristic of industrial enzymes. The crude cellulase of Bacillus sp. had lower thermal stability than the cellulase of B. cecembensis, perhaps due to the high temperature of the niche of B. cecembensis. Thermophilic cellulases with high thermal stability have been isolated from few bacilli and related genera. 7, 29) Kinetic characterization of CMCases The K m and V max values for the two isolates were calculated by Lineweaver-Burk plots. In case of IARI-M-75, the K m and V max values for CMC were 3.11 mg/ mL and 0.056 U/mg, respectively, while for IARI-AN-27 they were 1.08 mg/mL and 0.635 U/mg respectively. Higher K m values reflect lower affinity between substrate and enzyme, indicating that the CMCase secreted by IARI-M-75 had lower affinity for CMC than the IARI-AN-27 enzyme. In our study, the K m for CMC was determined by assaying the crude CMCases from a cellfree culture supernatant. The literature suggests that the kinetic behavior of cellulases is affected in the presence of other proteins (or substances) in the medium.
36)
Activity of the enzyme on various cellulosic substrates The crude cellulases of IARI-M-75 and IARI-AN-27 were tested using various cellulosic substrates in order to achieve a better understanding of the cellulolytic activity of this enzyme. The results indicate that both isolates gave higher enzyme activity on CMC than crystalline cellulose ( Table 2 ). The cellulase of isolates IARI-M-75 and IARI-AN-27 gave considerable cellulase activity (60 and 83 IU/mL respectively) on rice straw. Commercially available cellulases are mostly obtained from fungi such as Trichoderma sp. 37) This is due to the higher catalytic activity of fungal cellulases than of their bacterial counterparts, particularly in terms of action on crystalline cellulose, but investigations of bacterial sources of novel cellulases have been underway in recent decades. Bacteria as producers of biotechnologically important enzymes can be grown well on inexpensive carbon and nitrogen sources. In addition, the expression system and the manipulation of bacteria are much more convenient than those of fungi.
8) The cellulases of the two isolates discussed above showed considerable activity on rice straw, which is one of the most abundant lignocellulosic crop residues in India, with an annual availability of 112 million metric tons. 38) So the findings of the current study have great potential for generation of biofuel from lignocellulosic waste such as rice straw.
Bacteria from remote areas remain virtually unexplored, and there is no doubt that extreme environments are a rich source of microorganisms of biotechnological importance. A number of interesting and unique bacterial enzymes have been isolated from these ecosystems, and are expected to find applications in the very near future in industries. Hence, we explored novel cellulose degrading bacteria from extreme environments, which led to reports of microorganisms such as B. cecembensis, Lysinibacillus, and Rhodococcus as cellulase pro- ducers from these niches. We believe that our findings on the production of cellulose-degrading enzymes with high thermostability, broad temperature and pH range, and ability to break down a variety of cellulosic substrates, can make a contribution to knowledge of extremophiles and their potential uses. Research is underway worldwide to optimize cellulase production, which should facilitate efforts in the development of a robust and cost-effective process for the bioprocessing of cellulosic biomass to biofuels and value-added bioproducts. 
